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TTTeac  Mass transfer models were corbined With doee-response
analysis to yield more insight into the fundamental etiology of
decompression sickness. Data are presented that would favor a four-
tissue model of a amster from an inert gas exchange point of
view: [(.) lung, !(Z a fast tissue with a time constant cor-
respond.ng to the cardiac output per gram of tissue, and (3,4) two
slow tissues (time constant 6.3 and 25.5 min) corresponding to those
tissue sites susceptible to bubble nuclea.ion.
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The Role of Inert Gas Exchange and
Population Statistics in Studies of
Decompression Sickness

RICHARD C. BUCKLES
Alza Research, 2631 Hanovar St., Palo Alto, Calif. 94304

E. HARDENBERGH

Naval Medical Research Institute, National Naval Medical Center,
Bethesda, Md. 20014

Mass transfer models were combined with dose~response
analyses to yield more insight int~ the fundamental etiology
of decompression sickness. Data ure presented that would
favor a four-tissue model of a hamster -from an inert gas
exchange point of view: (1) lung, (2) a fast tissue with a
time constant corresponding to the cardiac output per gram
of tissue, and (3, 4) two slow tissues (time constant 6.3 and
25.5 min) corresponding to those tissue sites susceptible to
bubble nucleation.

Decompression sickness is a disease experienced by divers and air-

plane pilots. It can be avoided if one uses procedures based upon
a mass transfer analysis. This type of analysis is very old, having been
first carried out by Haldane et al. in 1908 (1). Recent modifications can
only be viewed as empirical curve-fitting attempts based on an increased
amount of data (2).

The studies reported here are oriented toward enunciating the basie
mechanisms of the discase rather than improving the existing model by
curve fitting. Because the population response to the disease exhibits
wide variance, the dose-response characteristics of the animal must be
incorporated into the model. This blending of pharmacokinetic models
and dose-response models provides more insight into the etiology of the
disease than has been available,
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Figure 1, Drug distribution dynamics—i.e., many processes cen act

on a drug from its point of input into the body to i*s ou*put. Possible

responses to the drug are alsc shown, indicating their {often} indirect
relationship to the drug.

Figure 1 summarizes the pharmacodynamacist’s view of the flow of
a material throughout th body from input to output, leading to a clinical
endpoint. Through physiological measurements we can describe the
transport of the material from input to the locus of action. \We cannot
confirm this process in decompression sickness because the locus is buried
in peripheral tissue. Therefore, we must describe the population response
(ie., erdpoint) and make inferenccs abnut the process that occurs at
the locu: of action.
Decompression sickness represents the following simplifications of
the general picture in Figure 1:
(1) The diffusinz molecule is not protein bound.
(2) Time and dose are interrelated.
(3) Single route of introduction and excretion (the same route).
(4) No biotransformations occur,
(5) The locus of action is peripheral but random in location.
Since the action of the “drug” is a physical phenomena amenable to
to mathematical description (sce below), we hope that knowledge gained
" about the ctiology of this disease in small animals can be scaled to larger
animals and perhaps even to humans, The recent success of Bischoff
et al. (3) i this type of scaling procedure for methadone provices in-
creased .onfidence in the potential for applying the same scaling, prin-
ciples to decompressian sickness,
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2, BUCKLES AND HARDENBERCH Decompression Sickness 17

Decompressior, Sicknaes

The symptoms of decompression sickness occur when bubbles form,
grow, and circulate in the blood. The bubbles are gencrated when man
goes from a high pressure to a low pressure environment, breathing some
form cf oxygen and “incrc” gas. The inert gas is dissolved in all body
tissues to a lesser or greater extent. (It is conventional to spesk of the
inert gas partial pressure, rather than its concentration, in these tissues
[P;.tiusee = Ci.tiase =~ @] ). \When the hydrostatic pressure surrounding
the animal is less than the partial pressure of the inert gas in any given
tissue, there is a finite likelihood that nucleation of bubbles will occur,
reducing the state of supersaturation in that tissue but leaving the tissue
filled with bubbles. Divers enter this state of risk by breathing air at
increased pressures while they are diving. They continue to absorb (uert
gas in various tissues while they are on the bottom. It is possibie for
divers to vary both the pressure and time of diving and end up with the
same dzyree of risk. Because there has never been a satisfactory animal
model for this - isease, studies have Leen carried out on volunteer humans
in simulated diing environments within steel chambers.

In 1968 experimental studies were initiated on the susceptibility of
anaesthetized hamsters to decompression insult, attempting to utilize
existing pharmacokinetic and toxicological modeling techniques to char-
acterize the role of the inert gas in producing decompression sickness.
The hamster moc.! consisted of three discrete elements. First, 2 mass
transfer mode’ hud to be developed that would describe the uptake,

,
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Figure 2. Generalized mass transjer modcl for the hamster
The modei consists of n tissues, | of which play @ rola in initiating dexum-
g}l‘mo‘m sickne,s, The first few tissues cquilibrate with the raprily rircu-
ing blood and hate a lgh water content. The slouer tissuer may be
charecterized by two compartments coupled by iners ges diffusion.
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distribution, and climination of nitrogen during exposure to high presssure
air and a subsequent return to normal pressure. Sccondly, the model had
to take into account the response of the animal to supcrsaturation (i.e.,
in vivo nucleation had to be modeled). Finally, a population distribution
based on the kinetics of bubb'c formation and growth would have to
be superimposed upon \lic popuiation response to bubbles.

Figure 2 describes the generalized mass transfer madel based on the
early work of Haldane (1). The region consisting of the lung and t.e
fost tissue (No. 1) can be characterized by mass transfer studies of inert
gas absorption and elimination. In thesc, it is assumed that Tissue 1 acts
as a well-stirred chemical reactor so that the venous partial prescure of
gas is equal to the average value for the tissue as a whole.

Somewhere in this model composed of n discrete tissues, it is postu-
lated that the discase can be initiated by bubbles forming and growing.
Evidence is precented here to indicate that it is the slow transport-limited
tissues of the body that represent the tissucs in which bubbles first
nucleate. Mass transfer modeling of this sort postulstes such tissues and
then seeks experimental validation of their cxistence.

The population distribution elements of this modal are described in
Figure 3. Those distributions responding to a particular endpoint are
plotted as a function of the inert gas tension in a characteristic tissue.
This responsc would occur in an animal that had been exposed to a high
pressure and then returned directly to 1 atm. Bubble formation begins
when the tissue te"sion excceds some lower limit and the population is

E 0 BUBBLES FORM TYPE | TYPE It
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MAXIMUM INERT GAS PARTIAL PRESSURE, P, .00,

Figure 3. Generalized dose-response curves for decomnpression sickness

As the thaue portial pressurc (Pu. i) ineceases, the percentaiie of the popu-

lation that eshibits a particulur endpoint increrses. The clative location of

these three curves is the basiv for much of the ¢arrene controveny about
modern diving practizes.
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20 CHEMICAL ENCINEERING IN MEDICING

Care” prepared by the Committee on the Guide for Laboratory Animal
Rusources, National Academy of Sciences—National Research Council
Our studies were carried out on male hamsters obtained frem the
NIH Breeding Colony, Bethesda, Md. They were anaestbetred witl, o
chloralose urethane anaesthesia (1 cc/100 grams hamster with a solutio:
containing 10 mg/vc chloralose, 10 mg/ce sedivss b=ate, ard 307
mg/cc urethane). Supplemental doses of 1/3 original gose wer: ¢iten
sequired for long studies. The animals were kept a minimum of two
weeks to stabilize dietary aud environmental factors. An endotracheal
tube, size PESO or 90, was used in o) cases, partly to 2liminate the
dificul'y of respirstory stress, but mor: importantly in the ‘gas washout
studies to connect the animal directly to the breathing gas sistem.

Results

Two types of studies were carried out: the first, reperted on 2 pre-
liminary busis (8), involves the use of an endpoint—desth—end is ori-
ented towards the articulation of the receptor sites for bubble nucleation.
The second study, reported here for the first time, involves a measuze-
ment of the fast inert gas exchange constants of i':2 animal model. Both
studies utilized air as a brething mixture and were tegun with the animal
ussumed to be in equilibrium with air at 1 atm (Py, == 0.79 ate).

LY -

EXPOSURE Ting

Figure 5. Inert gar pariial pressure in the spectrum of hamster tissues
dusting a simulated dive
The fast tissues (charactevized by short time constants, n..;; rise repidly e
@ level in equilibricm w'th the inspircd cir. In short dives, these tissues will
be relaticely more sui irated than the slower ones (v.100). As the Dottom
time increases, the tissus partial pressures epproach one another.

Dose~Response Curves. \When the hamricr is exposed to high am-
bient pressure. the partial pressure of nitsogen in its body tissucs rises

.
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9. BUCKLES AND MARDENBENCH Decompression Sickness 21

~long some form of cxponentizl curve. ultim ok reaclinz saturativi
{ ¥igure 3). If at any time during this procesiure the pressure is returned
to 1 atm, the various body tissues are “upernsduriee il respect tu
anbient pressure and will attempt to retumn to umbiznt conditions (0.79
atm) along an exponential curve similar to that which they followed
during the uptake portion of the dive. Short dives ure characterized by
high inert gas partial pressures in the tissues, represerted by short time
constants (rnuu). However, long bottom time dives that show an ever-
increasing degree of mortality, must refect the gas upizke in the tissues
with long-time constauts ().
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Figure 8. Generalized hamster dose-response curves
If the ngaagu partial pressure is high enough, the mortelity will
go to 100%6. Howecer, with lower partial pressures the mortaiity rives to
some esymplotic calue after & constant time period. In this domein one cen
_study the time effccts independent of the witrogen pertial pressure.

Figure 6 shows three postulated dose-response curves that could be
expected. In the curve marked high P,.u,..., the ultimate response is
100% mortality because the inert gas partial pressure was so high that
all animals were afflicted. If the depth ol the dive is lowered (curves
marked low P,..i....), the curve shifts ta the right (towards increased expo-
sure time) and flattens at a time (t,,.). In this range of pressurcs it is
assumed that the time respunse is independent of the absolute pressure
of the dive. Experiments of this kind are called time-based experiments
(TB), and are used to characterize sy, as defined in Figure 5.

-7
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22 CHEM’CAL ENCINEERING IN MEDICINE

Once .. is determined, one may design an experinental dive
sequence in which 5,5, will Le the controlling tissue, regardless of degth.
In these pressure-based trials (PB), one increases the absolute depth of
the dive while maintaining the bottom time constant. An experimenta!
dose-response curve similar to Figure 4 is then obtained and may be
analyzed solely in terms of Pi.q..., independent of time. Pi.gue can be
calculated if one knows r,,w and the time and pressure of a particular
dive,
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Intornotionsl Corprissy
on Hyporbosis Mesicine

Figure 7. Hamster mortality os a function of time (8)
The hemsters were exposed to 11.2 ate of air for carying
tigswes. This greph exhibits the experimentol reswits end the
“best” line cstimate of & normal mortslity curce for the data.
The numbers in parentheses indicate semple size

The time-based and pressure-based studies were carried out in a
small experimental chamber (8). The experimental results (% mor-
tality as a function of time or pressure) were analyzed by the methods
of probit analysis presented by Finney (9). The time-based studies were
analyzed first (sce Appendix I). A statistical best fit was applied to the
data once it kad been determined that the percent mortality that occurred
at the longest bottom time (90 minutes) was the same as at the saturation
level (sec Figure 7). From the statistically best fit line of percent mor-
tality cs. bottom time, the time associated with a mortality corresponding
to 99% of saturation mortality was determined. Assuming that rue
characterizes a tissue that rises exponentially towards saturation, one
may show that the time constant, r.,., is a simple multiple of the time
to reach 99%0 of saturation (called ta). From these experiments it was
determined that £, ~+ 23.3 minutes.
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Figurc 8. Hemster moriglity as & function of maximum
colue of slow tissue nitrogen partial pressure (8)
The diccs were carried out for 31 min in eie (F = 0.7 atm)
and ere relsted 1o the (sssumed) Pi.5, in the slowest tissue
(vi 25.5 min). The pertiel pressure is reloted to dive depth,

P, 2
o by Prs,=0.79 + F{Pss — IXi — a'tM)
The numbers in parentheses indicote the semple size.

The pressure-based data were carried out by diving to increasing
depths with a bottom time of 31 minutes. This time was determined

percent moctality 3. the incrt gas tissue tension in the slowest tissue for
these PB data.

One may compute the inest gas tissue tension in the slow tissue at
the end of the shorter bottom time dives in the TB series. These data

from Figure 8, The dives corresponding to 2, 4, and 8 minutes fall sig-
nificantly above the best fit curve based on the PB data.

Nitrogen Washout Curves. These studies were carried out to ascer-
tain directly the rate of nitrogen elimination in anaesthetized hamsters
at 1 atm. Hamsters that were initially equilibrated with air were attached
to a beeathing circuit, shown in Figure 10, through which an 80/20
helium oxygen gas misture was passed at a constant flow rate. The gas
passed through a sampling valve of a gas chromatograph s0 that one
could take discrete samples at fixed intervals after the animal was at-

. _9.
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0 5 LO
LOG ( Py )

Iatornstionst Congrem

o8 Nyperdaric Niot-eive

Figure 9. Hemster mortality as a function of Py, (8)
The dote ere plottcd (for illustration) as the probit vs. Ing
Pr-x, The value of Pr.v, is computed from Pu,,s ey in Figure
9, essuming ¢ == 255 min. The solid line corresponds to o
least-squares fit of the PB dets. The TB data (D) 13 sip.
nificantly to the Icft of the line. The numbers in purertiieses
indicete the sample size (see Figurs 8).

tached to the system. Since the system could be calibrated with known
gases, the acquired data were expressed in terms of nitrogen fraction (F)
at discrete times during the washout. The dead space between the animal

. connection and the sampling loop was negligible.

The method of data analysis is derived in Appendix Il. The animals
were grouped according to weight, 2nd the average data were plotted
in terms of the log [FQ/\W] as a function of time. The experimental
parametcrs measured were nitrogen fraction (F), gas flow rate (Q),
and hamater weight (W). Figure 11 is a characteristic curve. Nitrogen
excretion decreased rapidly during the first two minutes (pulmonary
washout) and then more slowly. A best-fit line was drawn by eye, and
the slope and intercept of that line were determined. Table I is a list of
the intercept and slope (F, and r). ’

A mass balance on nitrogen shows that

where K is the ratio of totul initial dissolved nitroten to body weight.
To detennine K a priori, ane must know the solubility rociheicnts for N

~/0 -




MEDICINE 2. BUCKLES AND HARDENBERGH  Decompression Sickness 25

APPARATUS FOR
INERT GAS WASHOUT EXPERIMENTS

¥
o P
i v
0% He 1 " ;
20% 0, v C
1*"
{811 (c)
’ _{A)

Figure 10. Hemster breathing loo for analysis of exhaled N,

The system conststs of: (a) compressed gas (50/20 He/O,) und uppros

"r'dm flow regulators; (b) fine flow rate control value; (o) rotometer; g!

(-)foint z«h Q?Is tight fitting ? )m?‘chmgt Iwm’;’m e p«;‘fumfg}: fu( :

e) heot et for hamster; (f) chromatograph sam ve; ()

water amf 8’5, absorbant bed; “(Z:l')“ ckromtmzm;h column;gli) t}mmgi
uctivity detector,

in fat and water (ay,a4), the density of body fat {,f}. and the fraction
of body weight that is fat and water (f1ofe). K is measured experimen.

| tally by integrating the (FQ/W) curve from time zero to infinity, neglect.

| ing the pulmonary contribution. A plot of K vs. body weight indicates

| that there is no statistical dependence on W (Table II). However,

| Figure 12 shows that r, the time constant, is related to body weight, The

: time constants in these experiments are much shorter than the longest

|

time constant determined in the dose-response experiments (255
minutes ).

Discussion

The time-based dose~response curve yielded a slow tissue time con-
stant of 25.5 minutes. This is significantly greater than any circulation
time constants previously reported in small animals (7). The experi-
ments cannot indicate the anatomical location or the mode of transport

| responsible for this slow time constant, Flynn's studies (7), which failed
| to show such a slow tissue, were performed on unanaesthetized mice so
| the conditions for comparison are not exact, Detection of this slow tissue
: by measureinent of pulmonary gas washout {s probably not feasible be-
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5.0 (-
LS. BODY WEIGHT = 110 gms
MEAN TEMP = 20°C
8 RESPIRATORY RATE RANGE =
40 - 64 ipm
10} HEART RATE RANGE =
‘ ‘ - 372 - 468 bpm
¢ E - » 7
t 7 - o8
s g 5 2o o1
: & AVERAGE
; 8 T
‘ 2
x 0%}
P
001 L $
. ° s 1 " » 3
i TIME, min,
!
! Figure 11, Exhaled N, %Q as a function of time
! Weshout data from four, 110-gram hamsters with a mean temperoture
! of 37°C. The arithmetic average poin's (1Y) describe a simple exponential
o function of time.
; : Table 1. Slope (r) and Intercept (FQ/W X 10') of Washout Curves
- Total Body Weight, -, (FQ/W X 109,
| I grams minules ec/g-min
| 75 542 33.6
| 85 875 250
| 88 748 175
] 03 131 18.8
) 102 148 218
b 107 163 - 203
o 110 1.37 183
T 12} 1.86 17.0
%+ cause of the extremely low quantity of N. involved and the many sourees
I of N; leaks that could yield this much nitrogen (diffusion through plastic
T tubing, transcutaneous N, transport, or leaks around seals).
; if one extrapolates the pressure-based dose~response data to a 152
p mortality level (a threshold for the disease), the inert gas partial pressure
] is 2.5 ata. Trials on humans have indicated a critical threshold for detect-
i , ing decompression sickness at 2 ata, not too diffcrent from the value for
1|
i
1
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-

‘fable Il Experimental Values of K < 10°

Total Body Weight, K X 103,
grams cc,'g-alm

75 2.33

85 . 2.80

88 1.67

93 3.16

102 4.70

107 4.23

110 3.22

121 4.05

Lamsters. This would imply that the population response curves for type
2 symptoms as measured on hamsters is not too different from the re-
sponse curves for humans with type 1 symptoms at the low incidence
level. This then suggests that the curves drawn in Figure 4 would be
virtually coincident at the lower response levels. It is just this tendency
for the curves to coincide that makes it so difficult to scitle the arguments
concerning the presence or absence of asymptomatic bubbles in human
divers.

Figure 9 indicates that the slow tissue that was responsible for
mortality in saturation dives could not be responsible for the high mor-

20
°
ves [ -]
15k °
™
°
£
€E o}
¥ ®
®
sl ©
0 1 ! I I !
70 80 90 100 10 120 130
BODY WEIGHT, gms

Figure 12, N, washout tine constant () as a function of body weight
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i
' tality in the shorter dives. That is, the cxperimental mostality was siz-
N nificantly greater than the least-cquares line based v the siow tisua,
[ One cxplanation of this would be that faster time constant tissues exist
and; in the body and are responsible for the higher mortality in the shorter
:; dives. Since we know from the N: washout studies that faster tissues do
: exist, it is worth trying to determine whether these faster tissues could
Th: ' be sites of nucleation for short dives.
a net! " If we assume that all tissues have the same suscepiibilitv to bubble
who ; formation, their inert gas tissue tension should be the sume as the best
guide experimental line for the PB data. By this method we caa calcuiate back
chem} to determine what the time constant of these faster tissues would %e in
math order to acquire this level of inert gus tension. \Vhen this is dcns, the
try. ¢ tissue time constant is 6.3 minutes for the two-minute bottom time
toa{ experiments. While this is significantly faster than the 23.5-minuic con-
t’::ﬂﬁ stant measured for the slow tissues, it is still significantlv greater thzn the
P S:’} slowest time constant measusred in the nitrogen washout studies (Figure
the 1 12). Thus, it is assumed that the well-perfused tissues of the body would
ing ’ never be the sites of bubble formation for dives greater than two minutes.
versd These data also confirm experimentally the generally held notion that
intetf there is a spectrum of response time for the body tissues.
zgg' A range of physiologic responses was noted in hamsters exposed to
gen ; the washout studies. Core temperatures as low as 30°C were measured.
pha: Heart rates ranged from 324 to 564 cpm, and respiration rates were 40-68
char rpm. In spite of this, no significant systematic variation of time constants
mem: could be demonstrated. This is interpreted to mean that the time con-
trand stants measured by this technique are for tissues that are so well perfused
cent? that they are independent of variabilities in the physiologic parameters
tran! measured. Peripheral tissues that are known to be sensitive to these
anal; parameters are obviously not measured by this method.
:)heer:; A comparison of the experimentally measured K value (Table II)
regu and various theoretical K values is instructive. An average 100-gram
tory! hamster is 63.4% water, 17.4% fat, and 19.2% bone and other material
pré,f (kindly determined by F. K. Millar, Laboratory of Physiology, NCI,
meazi NIH, Bethesda, Md.). Based on published values of solubility coefl-
ture{ ' cients, one can compute a theorctical value of K of 26.2 X 103 Thus,
mict we must infer that only part of the total nitrogen washout was actually
: measured during the washout studics. At the other extreme, one could
! assume that we measured only the nitrogen dissolved in the bloodstream.
; When the average K value is converted to a fractional composition,
i assumed to be water, the fraction is 0.13. This is significantly higher
' than the known factor of blood (~.07) and much lower than the total
' water content. Thus, we must be measuring some volume greater than
fj :-, ..—umwm
e s —
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she hload volume. It is inferred that certain tissues are perfused in an
equihbrium fashion with the bluod and are, therefore, washed out at
the same rate as is the blood.

Vatious ways have been used to estimate the cardiuc output per
eram of tissue of animal species. Since direct information on cardiac
output for hamsters is not available, different estimation procedures were
used. These are summarized in Appendis ‘Il The average value of
cardiac output per gram of tissue is 0.64 cc/grum-min, based on a 100-
gram hamster. Notice from Figure 11 that the inverse of the cardiac
output per gram of tissue (1.6 minutes) is similar to the time constunt
for a 100-gram hamster. This lends strong credence to the observation
above that the tiine constant measured for gas washout from hamsters in
these experiments is essentially that of the gas dissolved in bluad and the
well perfused tissues of the body.

Summary

Arguments are presented that favor a four-tissue model of a hamster
from an inert gas exchange point of view; (1) lung, (2) a fast tissue witl
a time constant corresponding to the cardiac output per gram of tissue,
and (3,4) two slow tissues (time constant 6.3 and 23.5 minutes) corre-
sponding to those tissue sites susceptible to bubble nucleation.
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Appendix I—Aualysis of Time-Based Data by the Method of Probits

It is assumed that the time-based data fit 2 theoretical dose-response
curve as shown in Figure 6. Analysis of such dose-response curves, first
described by Bliss (10), consists of finding a convenient m.cthod to
linearize the data. In such a lincarized form, a least-squares regression
line and standard estimates of data variance can be obtained.

However, the data are generally too sparse to “ermit simple analysis.
Some judgment must be made of the several possible results to obtain
one that is internally consistent. An esample of this procedure is given
here for the time-bated data. The data are presented in Table [-A.
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Fable Y-A. Tim2-Based Data

Bollom Time, Mortulity,

min. n %

2 80 2.5

1 s 8.7

8 80 12.50
16 80 23.0
31 289 52.9

90 & 63.75

The data are converted to the coordinate system of probits as a
function of log (time). First the mortality daia must be converted to
response data. One may do this with cne of two plausible assumpticns:
(a) that the mortality at 80 minutes corresponds to 100% respense, or {b)
that the mortality at both 31 and 90 minutes corresponds to 100% re-
sponse, and one then lumps the data. The mortality data are converted
to response data by expressing exch as a percentage of the mortulity
selected as the 10092 response. These data are plotted against the lng,,
(time). Data basesd on the two assumptions are given in Table I-B.

Table I.B. TB Data Expressed as Response Data

Bottom % %

Time, logs Response Probit Response Probit
min. (time) (:; (a) (‘g )
2 301 3901 3.24 427 . 328
4 602 13.7 3.00 16.0 3.46
8 903 19.6 4,14 21.4 4.21
16 1.204 39.2 4.73 42.7 481
31 1.491 83.0 6.15 100.0 -
90 1.959 100.0 - 1000 -

Although the data do not appear too different, logic leads us to
select assumption (a). An approximate best fit to the data yields a time
constant of about 30 minutes. If this is true, the data points of 31 minutes
could not be at all representative of saturation data.

Since the data exhibits significant scatter, one must use a least-
squares method to correlate probit with log;s (time) [sce Finney (9),
Chapter 4]. This is done in an jterative style of successively improving
the approximation to the least-squares line, Four iterations were required
to yield a least-squares lines given by:

Probit = 2.08 + 2.54 log,e (time)

A 99% response oceurs when probit e 7.326. Thi: yields a tes (time

when 99% response ovcurs) given by: tyy == antilog,e (2.068) = 117
minutes.
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Since we have assurned that this level of mortality is produced by
a slow tissue reaching saturation with N, along an exponential curve.
¢ *, the time constant is related to ¢, by:

% = lyg o+ 4.61

Thus, r == 23.5 minutes.

Appendix I1—Analysis of Nitrogen Waskout Data

The nitrogen washnut data consist of F, the fraction of nitrogen in
ezhaled air, measured as a discrete function of time after shifting to an
§0-20 He-0. breathing mixture. \When plotted us log F cs. time, the data
fall along one line. Only the first one or two data points are above this
“best” line. These presumably are caused by pulmonary and breathing
loop dead spaces and are neglected hereafter.

To a first approximation:

7 .
[Total N exereted] t = »M = Y, F/),At
i=1

where Q, is the gas flow rate during the interval F, is measured. When
n == o, the total nitrogen excreted should equal the total nitrozen dis-
solved in the body at the start of the experiment (neglect skin transport
of N for this analysis). That is

[
Vptor = 'Zl FAL = (Ty2p + Veaw) Pxpaie
JB

where V, (or V,.) is the volume of fat (or water) and oy (or o) is the
solubility coefficient for N, in fat (or water). This expression may be
rewritten as:

Vxs-t01 = Wror K Pupair

where,

K= [f'i' + f...]

-
¥

#f is the deusity of fat, and f is the weight fraction of fat or water.
Since we do not have data for FQ to infinity, it scemed desirable to
derive a mathematical expression for it so as to convert the summation
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to an integration. Consider the hody as a lumped mass that trans.nits
N; to the breathii:g Joop at a rate

© g = kP

where P is mean body N partial pressure, and 7 is a transfer coetficient,
and ¢ is the nitrogen excretion rate.

Now,
q = % (Vser07) = ‘% (KW yo
Rearranging, .
k - dnP
KW ror dt :
It is also true that F = g/Q if one can neglect variations in Gu., ¢oo.:
and gn,o.
From this we obtain,
Felip
Q
50,
aF _ k dP
a - g d
and
1 _ 1dF
F it Pdl
Thus,
dinF =k
dt KWsor
Note also that: 0 FYKWror) _ dinP

dt dt

Hence, the slope of a line plotted through the data (log (FQ/KWaor)
vs, time) will yield a whole body mass transier coeficient. It will then be
possible to compute the experimental value of K by simple integration.

Appendix 111—Estimation of Ham.ter Cardiac Output

Several methods are used to estimate cardiac output (CO), with
data gathered from various animal specics. Each is described, then an
average value is taken. All data are based on a 100-gram hamster.

.m
TN K wEate wae .._.-"w PPty -S )




bl
-

vy P B R DRV

SUCKLES AND HAROENBENGHR  Decom pression Sickness 33

(i ood Volume)
(A) CO = 165 culation Time )
Blood volume == ;W — 074 | 2 100 m T4 cC
Circulation time: (Ref. 11, p. 115)
man: 79 sec
dog: 10-11 suc
rabbit: 105 ser
I we assume for a humster it is 10 see, CO == 44.4 e/ min.

(B) CO == (Cardiac Index} x (Suriace es)

Cardiac index = 1.6 X 1073 ¢ce/min-sq m { Bat, Ref. 11. p. 80)
Surface area == 081 X Wayr* 3 (Rat, Ref. 11, p. 80)
CO == 31.5 ¢c/min

{C) CO = {Cardiac Index) > (Suriace Area)

Cardiac index == 247 X 10° cc/min-in? [enesthetired forrets (12)]
. urf:lcc area we 00: “-‘ru?.""‘
CO - 53.2 ¢ min

(Blood Volume)
(Circulation Time}
Blood volume == 7.4 ¢ (sce 111 A)

Cirzulation time = 4.5 sec (see 111 )
CO =987

(D) CO=

(0. Consumption)
(E) CO~ (A-V O; Gradient)

0; Consumption == 2.3 cc‘gram-hr (sce 111 A)
A-V O; Cradient = 4.1 vol % [anesthetized dogs ¢ 13 ]
CO =987 cc, min

(F) The arithmetic average cardiac output is 64.3 cc/min. No weigh-

ing is given the various estimates because of uncertainties in a!l methods.
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